We consider the Higgs boson mass in a class of the UMSSM models in which the MSSM gauge group is extended by an additional U (1) group. Implementing the universal boundary condition at the GUT scale we target phenomenologically interesting regions of UMSSM where the necessary radiative contributions to the lightest CP-even Higgs boson mass are significantly small and LSP is always the lightest neutralino. We find that the smallest amount of radiative contributions to the Higgs boson mass is about 50 GeV in UMSSM, this result is much lower than that obtained in the MSSM framework, which is around 90 GeV. Additionally, we examine the Higgs boson properties in these models in order to check whether if it can behave similar to the SM Higgs boson under the current experimental constraints. We find that enforcement of smaller radiative contribution mostly restricts the U (1) breaking scale as v S 10 TeV. Besides, such low contributions demand h S ∼ 0.2 − 0.45. Because of the model dependency in realizing these radiative contributions θ E 6 < 0 are more favored, if one seeks for the solutions consistent with the current dark matter constraints. As to the mass spectrum, we find that stop and stau can be degenerate with the LSP neutralino in the range from 300 GeV to 700 GeV; however, the dark matter constraints restrict this scale as mt, mτ 500 GeV. Such degenerate solutions also predict stop-neutralino and stau-neutralino coannihilation channels, which are effective to reduce the relic abundance of neutralino down to the ranges consistent with the current dark matter observations. Finally, we discuss the effects of heavy M Z in the fine-tuning. Even though the radiative contributions are significantly low, the required fine-tuning can still be large. We comment about reinterpretation of the fine-tuning measure in the UMSSM framework, which can yield efficiently low results for the fine-tuning the electroweak scale.
Introduction
Even though the minimal supersymmetric extension of the Standard Model (MSSM) is compatible with the Higgs boson of mass about 125 GeV as observed by the ATLAS [1] and CMS [2] collaborations, it brings back the naturalness and fine-tuning discussions [3] , since it requires very heavy stop quarks or large trilinear scalar interaction couplings [5] . Besides, null results from the experimental analyses for direct signals of supersymmetric particles also have lifted up the mass bounds on the supersymmetric particles.
The experiments conducted at the Large Hadron Collider (LHC) mostly bound the colored supersymmetric particles such as stop and gluino. Although these particles have nothing to do with the fine-tuning assertions at tree-level, they are linked to the electroweak (EW) sector when the universal boundary conditions are applied at the grand unification scale (M GUT ). In this case, the mass bound on gluino can be set as mg ≥ 1.8 TeV [6] also leads to heavy Bino and Wino when M 1 = M 2 = M 3 = M 1/2 at M GUT , which yield large fine-tuning at the EW scale. The mass bound on the stop differs depending on the decay channels of stops, and it can be as low as about 230 GeV, when it decays into a neutralino and a charm quark [7] . However, in the case of such light stop solutions, the Higgs boson mass requirement yields large trilinear scalar interaction coupling (A t ). Although an acceptable amount of fine-tuning can be realized even if the stop is heavy, recent studies [8] show that the mixing in the stop sector, which is proportional to A t , raises the fine-tuning measurements, since A t significantly enhances the soft supersymmetry breaking (SSB) mass of H u (m Hu ) at loop-level.
The large fine-tuning results obtained within the MSSM framework are based on the fact that MSSM yields inconsistently low mass for the Higgs boson at tree-level, and one needs to utilize the loop corrections to obtain large radiative contributions to the Higgs boson. Since the particles in the first two families negligibly couple to the Higgs boson, such corrections can only come from the third family supersymmetric particles. On the other hand, couplings of the Higgs boson with sbottom and stau can easily destabilize the Higgs potential, and hence, the Higgs potential stability condition allows only minor contributions to the Higgs boson mass from these particles [9] . After all, MSSM has only the stop sector to provide large enough radiative contributions to the Higgs boson mass, which needs to have both heavy stops and large mixing in the stop sector. In this context, the supersymetric models with extra sectors, which couple to the MSSM Higgs doublets (especially to H u ) can relax the pressure on the stop sector, and alleviate the large fine-tuning issue, even if one applies universal boundary conditions at M GUT (see, for instance [10] ).
In this paper, we consider the models, which extend the MSSM group with an extra U (1) symmetry, hereafter UMSSM for short. In this extension of MSSM, all particles, including H u and H d , have non-trivial charges under the extra U (1) gauge group, and hence, the Higgs mass receives extra contributions from the new sector at even tree-level, which results in reducing the necessary amount of the radiative corrections to the Higgs boson mass. It is interesting to probe the necessary amount of loop corrections and fine-tuning issues within such gauge extended supersymmetric models whether it can be smaller than MSSM or not. The rest of the paper is organized as follows. Section 2 briefly discusses the general properties and the particle content of the UMSSM. The Higgs boson mass is discussed in Section 3. After we summarize our scanning procedure and the experimental constraints employed in our analyses in Section 4, we first consider the profile of the Higgs boson compared to the SM Higgs boson and related decay channels of it, in Section 5. After highlighting the solutions which can yield Higgs boson with similar properties to that in SM, we discuss how much low radiative corrections can be acceptable under the current Higgs boson observations in Section 6. We discuss about fine-tuning in connection with low amounts of the radiative contributions in Section 7, and finally, we summarize and conclude our findings in Section 8.
Model Description and Particle Content
A general extension of MSSM by a U (1) group can be realized from an underlying grand unified theory (GUT) involving a gauge group larger than SU (5) (for a detailed description of the model, see [11, 12] ). In this context, one can have a significant freedom in choice of the extra U (1) group, when it is obtained through the breaking pattern of the exceptional group E 6 given as
where
Y is the MSSM gauge group, and U (1) can be expressed as a general mixing of U (1) ψ and U (1) χ as
If the matter particles reside in 27−dimensional representation of E 6 , its decomposition yields additional vector-like families denoted by ∆ and∆ [12] . These additional vector-like families are crucial in anomaly cancellation in UMSSM. The presence of these vector-like fields does not break the gauge coupling unification at M GUT , while they change the β−functions of the MSSM gauge couplings to (b 1 , b 2 , b 3 = 48 5 , 4, 0) [13] . Including these vector-like fields the superpotential can be written in UMSSM as follows:
whereQ andL denote the left-handed chiral superfields for the quarks and leptons, whileÛ c ,D c andÊ c stand for the right-handed chiral superfields of u-type quarks, d-type quarks and leptons, respectively. H u and H d MSSM Higgs doublets and Y u,d,e are their Yukawa couplings to the matter fields. In addition to the MSSM content and the vector-like fields ∆ and∆,Ŝ also denotes a chiral superfield. This field is preferably a singlet under the MSSM group and its vacuum expectation value (VEV) is responsible for the breaking of U (1) symmetry. The MSSM particles are also nontrivially charged under U (1) χ and U (1) ψ , and the invariance under U (1) requires an appropriate charge assignment for the MSSM fields. Table 1 displays the charge configurations for U (1) ψ and U (1) χ models. When these two gauge groups mix each other as given in Eq.(2), the following equation describes the resultant charge of the MSSM particles: Note that the bilinear mixing of the MSSM Higgs doublets, given as µH d H u , is forbidden in the superpotential given in Eq.(3) by the invariance under U (1) , and it is induced effectively by the VEV ofŜ as µ = h S v S / √ 2, where v S ≡ S . Besides, the VEV of S along with its Yukawa coupling h ∆ is responsible for the masses of ∆ and∆. If h ∆ is set to large values, then these vector-like fields happen to be so heavy that they decouple at a high energy scale [14] . Since they interact only with S, they contribute to the mass spectrum through higher loop levels, which are strongly suppressed by their heavy masses.
Extending the gauge group of MSSM also enlarges the particle content with new particles, which interfere the low scale phenomenology. In addition to the MSSM gauge fields, there also exists a new gauge boson (Z ) and its supersymmetric partner (B ) associated with U (1) symmetry. The negative LEP results strictly constrain the Z mass from below as M Z /g ≥ 6 TeV [15] , where g is the gauge coupling of U (1) . Even though detailed analyses [38] can lower this bound, we consider only the solutions yielding heavy Z . The effect of heavy Z can be seen from its mass equation given as Requiring the gauge coupling unification at M GUT including g , v S needs to be large to provide heavy Z ; hence, the breaking of U (1) symmetry cannot happen at energy scales below a few TeV. In addition, Z can also mix with the electroweak neutral gauge boson Z, and the diagonalization of their mass matrix yields the following mass eigenstates for these gauge bosons
where δ Z−Z refers to the mixing between Z and Z . Even though Z can, in principle, interfere in the electroweak processes through Eq.(6), M Z ∼ O(T eV ) strongly suppresses such mixing; therefore, Z−boson is realized more or less identical to the MSSM electroweak neutral gauge boson. Despite the heavy mass bound on Z , there is no specific bound on the mass of its supersymmetric partnerB , and it is possible to realizeB mass as low as about 100 GeV [17] . Another extra particle introduced is S, which is responsible for the U (1) symmetry breaking. If its coupling (h ∆ ) to the vector-like fields ∆ and∆ is set to be large, this coupling can drive m S down through the renormalization group (RG) evolution, and hence S can be realized with a TeV scale mass at the low scale. The largest impact of the U (1) symmetry is realized in the neutralino sector. The electroweak symmetry breaking in MSSM mixes the neutral gauginos and Higgsinos to each other. Similarly, the breaking of U (1) symmetry allowsB and the fermionic partner of S to mix with the MSSM neutral gauginos and higgsinos; hence, they take place in forming the neutralino mass eigenstates. In this context, UMSSM yields six neutralinos at the low scale, and ifB can be light, it might significantly change nature of the neutralino LSP, if it is considered as a dark matter (DM) candidate.
Since U (1) symmetry does not introduce any charged particle, the chargino sector remains intact, and hence UMSSM and MSSM bear the same chargino structures. However, since the µ−parameter is induced effectively, UMSSM may yield different Higgsino mass scale from that realized in the MSSM framework, which can change nature of the lightest chargino.
In addition to the superpotential, the SSB Lagrangian is given as
where mQ, mŨ , mD, mẼ, mL,m Hu , m H d , mS and m∆ are the mass matirces of the particles identified with the subindices, while M a ≡ M 1 , M 2 , M 3 , M 4 stand for the gaugino masses. A S , A t , A b and A τ are the trilinear scalar interction couplings, and they are factorized in terms of the Yukawa couplings; and hence, we consider only the third family MSSM particles, since the first two families have negligible Yukawa couplings with the Higgs doublets. Even though the number of free parameters seems too many, the emergence of SO (10) and/or SU (5) allows to implement a set of boundary conditions among these parameters at M GUT . In this paper, we implemented the following universal boundary conditions
Higgs Boson Mass in UMSSM
As mentioned before, MSSM predicts inconsistently light Higgs boson mass at treelevel, and hence it needs large radiative corrections in order to satisfy the Higgs boson mass constraint. On the other hand, UMSSM provides new contributions to the Higgs boson mass at tree-level, and hence the radiative corrections may not need to be very large. In our model, the tree-level Higgs boson mass can be obtained by the tree-level Higgs potential expressed as
with
which yields the following tree-level mass for the lightest CP-even Higgs boson mass: The first term in Eq. (11) is the MSSM prediction for the lightest CP-even Higgs boson mass, and it can barely reach to about 90 GeV; therefore, one needs at least to have radiative corrections of about 90 GeV in the best case. On the other hand, the second term in Eq.(11) provided by UMSSM can alleviate the need for the large radiative corrections to the Higgs boson mass. Apart from the couplings h S and g Y , the tree-level Higgs boson mass also depends on the charges of H u and H d under the U (1) . These charges exhibit model dependency, since they vary as functions of the mixing angle between different U (1) groups as expressed in Eq. (2) . Hence, the upper bound for the tree-level Higgs boson mass can change from one model to another as it can be seen from Figure 1 , where the model dependency of the tree-level Higgs boson mass is represented in correlation with θ E 6 for tan β = 1 (left) and tan β = 30 (right). The dotted blue curves in both panels represent the tree-level Higgs boson mass when h S = 0.1, while the solid red curves are obtained for h S = 0.7. The dotted blue curve in the left panel shows that the Higgs boson can only be as heavy as about 60 GeV at tree-level, when h S = 0.1 and tan β = 1. On the other hand, the upper bound obtained for the tree-level Higgs boson mass in UMSSM can drastically raise up to ∼ 140 GeV, when h S = 0.7, as shown with the red curve in the left panel. The sensitivity to h S almost disappears when tan β = 30. The right panel shows that the largest tree-level Higgs boson mass can be realized as about 115 GeV. Since the dotted blue curve and the solid red curve overlap each other, the effect from h S on the Higgs boson mass is quite tiny and negligible, even though it is varied from 0.1 to 0.7. It is because sin 2β ∼ 0 when tan β is large, which suppresses the contribution from h S to the Higgs boson mass. These values are predicted when UMSSM is constrained at the GUT scale, which yield h S 0.7 at most. As is known, if UMSSM is considered at the low energy scale; then, the tree-level Higgs boson mass can be obtained as heavy as about 180 GeV [18] .
Although they do not take part in tree-level Higgs boson mass prediction, the SUSY particles contribute to the Higgs boson mass through loops. Even if a solution can yield heavy Higgs boson at tree-level, the SUSY particle spectrum for such a solution can still provide large radiative corrections to the Higgs boson mass, so the solution can be excluded since it predicts inconsistently heavy Higgs boson mass. The radiative corrections to the Higgs boson mass can be obtained by using the effective potential method in which the effective Higgs potential can be expressed as
where ST r = J (−1) 2J (2J + 1)T r stands for the supertrace, and it gives a factor of -12 for quarks and 6 for squarks (for a detailed discussion about the effective potential see [19] ). Following the effective potential approach the Higgs boson mass with one-loop corrections can be obtained as [20] 
where m h is the tree-level mass of the Higgs boson as given in Eq.(11), β yt = (3/16π 2 )y 2 t , and S tt = log(mt 1 mt 2 /m 2 t ) encodes the loop effects of the top-stop mass splitting. Even though there are some other sources for the radiative contributions to the Higgs boson mass from sbottom, stau, neutralino etc., such contributions are rather minor, and as in the case of MSSM, also in UMSSM the radiative corrections to the Higgs boson mass rely mainly on the stop sector.
Scanning Procedure and Constraints
We have employed SPheno 3.3.3 package [21] obtained with SARAH 4.5.8 [22] . In this package, the weak scale values of the gauge and Yukawa couplings present in UMSSM are evolved to the unification scale M GUT via the renormalization group equations (RGEs). M GUT is determined by the requirement of the gauge coupling unification through their RGE evolutions. Note that we do not strictly enforce the unification condition g 1 = g 2 = g 3 = g Y at M GUT since a few percent deviation from the unification can be assigned to unknown GUT-scale threshold corrections [23] . Such corrections are rather effective in g 3 , and hence the unification condition can be relaxed up to 3% deviation in g 3 . With the boundary conditions given at M GUT , all the SSB parameters along with the gauge and Yukawa couplings are evolved back to the weak scale. During our numerical investigation, we have performed random scans over the following parameter space
where m 0 is the universal SSB mass term for all the scalar fields including H u , H d , S fields, and similarly M 1/2 is the universal SSB mass term for the gaugino fields including one associated with U (1) gauge group. tan β = v u / v d is the ratio of VEVs of the MSSM Higgs doublets, A 0 is the SSB trilinear scalar interaction term. Similarly, A h S is the SSB interaction between the S and H u,d fields, which is varied free from A 0 in our scans. Finally, v S denotes the VEV of S fields which indicates the U (1) breaking scale. Recall that the µ−term of MSSM is dynamically generated such that µ = h S v S / √ 2. Its sign is assigned as a free parameter in MSSM, since REWSB condition can determine its value but not sign. On the other hand, in UMSSM, it is forced to be positive by h S and v S . Finally, we set the top quark mass to its central value (m t = 173.3 GeV) [24] . Note that the sparticle spectrum is not too sensitive in one or two sigma variation in the top quark mass [25] , but it can shift the Higgs boson mass by 1 − 2 GeV [26] .
The requirement of radiative electroweak symmetry breaking (REWSB) [27] puts an important theoretical constraint on the parameter space. Another important constraint comes from the relic abundance of the stable charged particles [28] , which excludes the regions where charged SUSY particles such as stau and stop become the lightest supersymmetric particle (LSP). In our scans, we allow only the solutions for which one of the neutralinos is the LSP and REWSB condition is satisfied.
In scanning the parameter space, we use our interface, which employs MetropolisHasting algorithm described in [29] . After collecting the data, we impose the mass bounds on all the sparticles [30] , and the constraint from the rare B-decays such as
, and B u → τ ν τ [33] . In addition, the WMAP bound [34] on the relic abundance of neutralino LSP within 5σ uncertainty. Note that the current results from the Planck satellite [35] allow more or less a similar range for the DM relic abundance within 5σ uncertainty, when one takes the uncertainties in calculation. These experimental constraints can be summarized as follows:
We have emphasized the bounds on the Higgs boson [36] and the gluino [37] , since they have drastically changed since the LEP era. One of the stringent bounds listed above comes from the rare B-meson decay into a muon pair, since the supersymmetric contribution to this process is proportional to (tan β) 6 /m 4 A . For solutions in the high tan β region in the fundamental parameter space m A needs to be large to suppress the supersymmetric contribution to BR(B s → µ + µ − ). Besides, the bound on the DM relic abundance is also highly effective to shape the parameter space, since the relic abundance of neutralino LSP is usually high over the fundamental parameter space. One needs to identify some coannihilation channels in order to have solutions compatible with the current WMAP and Planck results. The DM observables in our scan are calculated by micrOMEGAs [39] obtained by SARAH [22] .
Among these experimental constraints, the most controversial one is that on the mass of Z . The analyses within the UMSSM framework have set a bound on M Z which can vary model dependently from about 2.7 TeV to 3.3 TeV [40] . Even though, these results were revealed recently, a new bound has just been released as M Z ≥ 4.1 TeV [41] . Such analyses are mostly based on the decay mode Z → ll, where l can be either electron or muon with an assumption that Z decays mostly to these leptons; i.e. BR(Z → ll) ∼ 1. Figure 2 shows the results obtained in our scans for the decay modes of Z with largest branching ratio obtained in our analyses with plots in the BR(Z → ll) − M Z and BR(Z → qq) − M Z planes, where BR(Z → ll) ≡ BR(Z → ee) + BR(Z → µµ), while q in BR(Z → qq) denotes a final state quark from the first two families. All points are consistent with REWSB and neutralino being LSP conditions. Green , while q in BR(Z → qq) denotes a final state quark from the first two families. All points are consistent with REWSB and neutralino being LSP conditions. Green points satisfy the LHC constraints listed above. Blue points form a subset of green, and they represent solutions for ∆m h ≤ 60 GeV. Finally, red points are a subset of blue and they are consistent with the bound on the relic abundance of neutralino LSP within 5σ uncertainty.
points satisfy the LHC constraints listed above. Blue points form a subset of green, and they represent solutions for ∆m h ≤ 60 GeV. Finally, red points are a subset of blue and they are consistent with the bound on the relic abundance of neutralino LSP within 5σ uncertainty. The BR(Z → ll)−M Z plane shows that M Z cannot exceed 4 TeV if one seeks less radiative corrections to the lightest CP-even Higgs boson (blue). This region also predicts BR(Z → ll) ∼ 6%, which is far lower than the assumption behind the experimental analyses. In addition, considering the selected background processes in the analyses [40, 41] , the signal processes under consideration are those which involve with 4 leptons in their final states. In this case, the total branching ratio can be expressed in a good approximation as BR(Z Z → 4l) ≈ |BR(Z → ll)| 2 , which provides more suppression for the results shown in the BR(Z → ll) − M Z plane.
According to our results, in the UMSSM framework constrained from the GUT scale, the largest branching ratio can be obtained for the decay modes yielding final states with hadrons. Our results show that BR(Z → qq) ∼ 20%, as seen from the BR(Z → qq)−M Z plane. Even though it is large enough in comparison to those with leptonic final states, due to the uncertainties in the hadronic sector, such processes are not able to provide stringent bounds on M Z , yet. Even though, it is worth to be analyzed much deeper, it is beyond the scope of our work, and we set the lower bound as M Z ≥ 2.5 TeV throughout our analyses. Such solutions can provide a testable phenomenology for Z , and they can be excluded or confirmed by further analyses.
Higgs Profile in UMSSM
While the Higgs boson discovery is undoubtedly a breakthrough success for the SM, precise measurements are necessary to reveal properties of the Higgs for which decay modes and couplings are also of crucial importance, since there is no direct signal for a new physics beyond the SM (BSM). Such measurements are also useful to distinguish the SM Higgs boson from those proposed by the BSM models. In the case of MSSM, although the heavier Higgs boson masses are at the decoupling limit (m A M Z ), and the lightest CP-even Higgs boson properties coincide with the SM Higgs bosons, MSSM can still yield some deviations in Higgs boson decay modes to the SM particles [42] . If such deviations are to be observed at the experiments, then one can distinguish MSSM from the SM. In the UMSSM framework, the MSSM singlet field S, whose VEV is responsible for the U (1) symmetry breaking, can also mix with the MSSM Higgs doublets to form the lightest CP-even Higgs boson that is assumed to be SMlike. In this context, it might be important to distinguish such a Higgs boson from MSSM one using its properties. Such analyses can be performed with the effective Higgs couplings [42, 43] or equivalently through the branching ratios of the Higgs boson decay modes to the SM particles [44, 45] . In our analyses we consider the branching ratios of the Higgs boson in comparison to the SM predictions in light of the current experimental measurements. All points are consistent with the REWSB and neutralino being LSP. Green points represent the solutions allowed by the experimental constraints summarized in Sec. 4 . Red points form a subset of green and they satisfy the DM bound on relic abundance of the LSP neutralino within 5σ. The dashed lines indicate the SM predictions for the plotted decays within 1σ uncertainty. Combined results from the ATLAS [46] and the CMS [47] experiments yield BR(h → W W ) ≈ 1.09 × BR(h → W W ) SM [45] , where BR(h → W W ) SM stands for the SM prediction. Such an excess can be covered by the SM, if one considers its prediction for h → W W decay mode within about 2σ uncertainty band. However, as seen from the BR(h → W W ) − BR(h → ZZ) plane of Figure 3 , the solutions allowed by the current experimental constraints including those from WMAP (red points) can only reach to the 1σ edge of the SM predictions for the h → W W decay. In this context, UMSSM predictions stay within the SM prediction region or below, but there is no solutions that can yield some excess in the h → W W decay mode. The deviation obtained from the ATLAS [48] and the CMS [49] experiments is much larger for the h → ZZ decay mode that the combined results yield BR(h → ZZ) ≈ 1.29 × BR(h → ZZ) SM [45] . However, as in the case of W W decay mode, UMSSM predictions for the h → ZZ barely stay within the close proximity of SM predictions. Many of the solutions predict BR(h → ZZ) smaller than the SM predictions and excluded if one insists to apply the SM predictions within 1σ uncertainty.
Such lower predictions for the W W and ZZ decay modes can be explained with the mixing of the S field with the MSSM Higgs doublets. Since this field is a gauge singlet, it does not interact with the W − and Z−boson, and hence, its mixing in the SM-like Higgs boson lowers the predicted branching ratios in the W W and ZZ decay modes of the SM-like Higgs boson. Finally, we consider the h → bb decay in the BR(h → W W ) − BR(h → bb) plane as shown in Figure 3 . In contrast to the W W and ZZ decay modes the ATLAS [50] and the CMS [51] experiments yield lower observation for the h → bb decay mode as BR(h → bb) ≈ 0.7 × BR(h → bb) SM [45] , which is way below the SM prediction. On the other hand, the UMSSM predicts BR(h → bb) 0.52.
The experimental measurements for some decay channels such as h → bb, ττ exhibit huge uncertainties and they can play a crucial role to constrain the new physics via the experiments conducted at the future colliders. While the uncertainty in these decay modes is stated with tens in percentage, it will be possible to reduce it to a few percent in the near future [52] . Despite the uncertainties, the measurements in the W W and ZZ decay modes are well measured in comparison to other channels. These modes are also important, since some solutions may yield the lightest CP-even Higgs boson formed mostly by the MSSM gauge singlet S field, which cannot be consistent with the assumption that the lightest CP-even Higgs boson is the SM-like Higgs boson in our analyses. In order to avoid such solutions, we will apply the SM predictions within 1σ as constraints on the CP-even Higgs boson decaying into the W − and Z− bosons.
Before concluding this section, we should also mention the loop induced decay mode of the Higgs boson into two photons. The experimental results for this decay mode indicate BR(h → γγ) ≈ 1.14 × BR(h → γγ) SM [45] . Although we do not present any plot for this decay, all the red points are consistent with the experimental constraints mentioned in Sec. 4, and they stay within the SM prediction region within 1σ.
Smaller Radiative Corrections
In this section, we consider the fundamental parameter space of UMSSM, which require low radiative corrections to the lightest CP-even Higgs boson consistent with the 125 GeV Higgs boson constraint. We quantify the values of these radiative contributions as ∆m h ≡ m
htree , which are defined in Eqs. (11, 13) in Sec. 3. The least amount of the radiative corrections in the MSSM framework can be obtained as about 87 GeV [53] , and hence all solutions below this value can be advantageous of UMSSM. However, we consider only the solutions, which requires radiative corrections less than 60 GeV. Figure 4 shows our results with plots in the ∆m h − m 0 , ∆m h − M 1/2 , ∆m h − tan β and ∆m h − v S planes. The colors have the same meaning as described for Figure 2 , except the condition ∆m h ≤ 60 GeV is not applied here. In addition, the green points also satisfy the SM predictions on BR(h → W W ) and BR(h → ZZ). According to the results, it is possible to realize ∆m h as low as about 50 GeV. Even though it mostly requires m 0 1 TeV, as seen from the ∆m h − m 0 plane, it is possible to keep the radiative corrections low within whole range of m 0 TeV, although applying the dark matter constraint on the relic abundance of neutralino LSP restricts m 0 4 TeV with good statistics. Similarly low values of M 1/2 tend to keep the radiative corrections low, even though the radiative corrections are still lower than those in the MSSM framework for M 1/2 3 TeV consistently with the LHC constraints as well as the dark matter bound. These two parameters, m 0 and M 1/2 , are important since they are effective in calculation of the stop and gluino masses at the low scale. Although the gluino mass is not directly effective in the lightest CP-even Higgs boson mass, it indirectly contributes, since it yields heavy stops through the loop effects. The ∆m h − tan β plane shows that there is no strong dependence on tan β in the radiative corrections, while the dark matter constraint allows only tan β 45. This is because there are also terms contributing to ∆m h proportionally with cot β as seen in Eq. (13) . Finally we present the results for v S , which determines the breaking scale of U (1) as well as M Z . The low radiative corrections require v S 10 TeV. This is also presenting the results in another way that M Z cannot exceed 4 TeV in order to The colors have the same meaning as described for Figure 2 , except the condition ∆m h ≤ 60 GeV is not applied here. In addition, the green points also satisfy the SM predictions on BR(h → W W ) and BR(h → ZZ).
have the radiative corrections lower than 60 GeV as discussed in Sec. 4 . Figure 5 displays our results for the other fundamental parameters of UMSSM with plots in the ∆m h − h S , ∆m h − θ E 6 , ∆m h − A 0 and ∆m h − A S planes. The color coding is the same as Figure 4 . As seen from the ∆m h − h S plane, the radiative corrections tends to decrease with large h S , and the lowest amount of radiative corrections can be realized for h S 0.4. As mentioned before, the radiative corrections exhibit also model dependency, which can be represented best with θ E 6 , since this parameter yields different U (1) charge configurations. The ∆m h − θ E 6 shows that the lowest radiative corrections prefer the region with 1 |θ E 6 | 1.5, while the solutions consistent with the dark matter constraint mostly prefer the region with θ E 6 < 0. The bottom panels of Figure 5 represent the results in correlation with the trilinear scalar interactions terms A 0 (left) and A S (right). Since the accumulation of the solutions happens mostly in the low tan β region, as seen from Figure 4 , these solutions require rather large A terms, as A 0 ∼ 7 − 10 TeV and A S ∼ 5 − 7 TeV to satisfy the 125 GeV Higgs boson mass constraint. On the other hand it is possible to realize solutions with A 0 ∼ 2 TeV and A S ∼ 2 TeV, when tan β is large. Figure 5 : Plots in the ∆m h − h S , ∆m h − θ E 6 , ∆m h − A 0 and ∆m h − A S planes. The color coding is the same as Figure 4 .
We consider the sparticle mass spectrum in Figure 6 with plots in the mt 1 − mχ0
, mq − mũ and m A − tan β planes. The color coding is the same as Figure  4 . In addition the blue points represent solutions with ∆m h ≤ 60 GeV, and red points form a subset of blue. The top panels reveal that the stop and stau can be degenerate with neutralino LSP when their masses are realized in 300 − 700 GeV (blue). Applying the dark matter constraint on relic abundance of the neutralino LSP narrow this mass scale to ∼ 500 − 700 GeV. Such solutions predict stau-neutralino and stau-neutralino coannihilation processes, which are responsible to reduce the relic abundance of neutralino LSP down to the ranges allowed by the dark matter constraint. The squarks of the first two families and gluino masses are always larger than about 1.5 TeV. The dark matter constraint restricts the masses of these sparticles further as mq 2 TeV and mg 2.5 TeV. Even though the mass bound on gluino is slightly larger (mg 1.9 [54] ) than what we applied in our analyses, the experimental constraints including those from dark matter automatically exclude the solutions which are not allowed by the current LHC results. The results for gluino with mg 2.5 TeV provide also testable solutions in near future, since the next generation of colliders can probe the gluino mass up to about 3 TeV [55] . The last plot in Figure 6 represents the A−boson mass in the m A − tan β plane. As it is seen, the results with low radiative corrections bound the mass scale of A−boson as m A 1 TeV, and the dark matter constraint raises this bound up to about 4 TeV. These mass scales for A−boson are safely above the exclusion limit set as m A 1 TeV [56] for large tan β. , mg − mq and m A − tan β planes. The color coding is the same as Figure 4 . In addition the blue points represent solutions with ∆m h ≤ 60 GeV, and red points form a subset of blue.
Finally, we discuss the chargino and neutralino mass and comment about the dark matter formation in Figure 7 with plots in the mχ±
1 planes, where |Zχ 11 | 2 quantifies the percentage of the bino mixing in the dark matter formation, since the LSP neutralino is also assumed to be a candidate for the dark matter. The color coding is the same as Figure 6 . The mχ± , when ∆m h ≤ 60 GeV (blue). In this region the LSP neutralino mass is bounded at about 500 GeV from below by the dark matter constraint. Such a correlation between the chargino and neutralino masses also gives a hint about the dark matter formation. When the wino and/or higgsino are effective in dark matter formation, one usually obtains the relation mχ± 1 ≈ mχ0 1 , since these supersymmetric particles also form the chargino mass eigenstates. However, the relation seen from the results indicates that these particles do not significantly mix in the dark matter formation; and hence the relic density of dark matter is saturated either by the bino or the singlino, the supersymmetric partner of the gauge singlet field S. The |Zχ 11 | 2 − mt 1 /mχ0 1 plane shows that the dark matter neutralino is pure bino, since its percentage in the dark matter formation is about 100%. These results can be concluded for the dark matter phenomenology as that the low ∆m h regions in the fundamental parameter space of UMSSM yield pure bino dark matter. When a bino dark matter is scattered at nuclei, the cross-section of the process is usually low, since the dark matter interacts with nuclei through the hypercharge interactions. Thus, even the latest results of the LUX experiment [57] do not provide strong impact on the direct detection predictions of the dark matter in this region. 
Notes on Fine-Tuning
As discussed in Sec. 3, the stop sector has a crucial role in realizing the consistent Higgs boson mass. In MSSM, a 125 GeV Higgs boson requires either stop masses at multi-TeV scale or large A term [58] . In the MSSM framework, large A term worsens the required fine-tuning [8] . On the other hand, one may expect the fine-tuning significantly improved, since the radiative corrections to the Higgs boson mass do not have to be large. Even though the stop sector plays the main role in the consistent Higgs boson mass, they may not have to be very heavy, or have a large A term. The minimization of the Higgs potential in UMSSM yields the following relation [59] 
Even though Eq. (16) does not exhibit an explicit dependence on the A term, it contributes to the fine-tuning through the loops which are represented with Σ d d and Σ u u , whose detailed calculations can be found in Ref. [60] . In MSSM, large radiative corrections result in worse fine-tuning. On the other hand, the second line of Eq. (16) reveals the model dependency of the fine-tuning in the UMSSM frameworks, and it is possible to set a charge configuration for the fields such that they may reduce the effects of the large radiative corrections on the fine-tuning measurement. On the other hand, using Eq.(5), the last term in Eq. (16) can be expressed in terms of M Z . Substituting both µ and M Z Eq.(16) turns
Hu tan 2 β
where the loop contributions, Σ 
Here the impact of the heavy mass bound in M Z can easily be seen. This impact can be suppressed in certain UMSSM models with Q H d , Q Hu ∼ 0 selection. In such a case, the MSSM Higgs dublets become singlet under the U (1) gauge group, and the fine-tuning measure more or less reduces to that obtained for MSSM [61] . However, despite suppression in C Z , it does not remove the M Z impact on the fine-tuning measure, since the heavy M Z requires v S v u,d . Namely, v S is also responsible for Figure 3 generating the µ−term effectively, and its large values cause µ O(M Z ) that leads to large fine-tuning again. Figure 8 represents the results for ∆ EW in correlation with µ, M Z , m Hu and ∆m h . The color coding is the same as Figure 3 . As seen from the ∆ EW − µ plane, ∆ EW can be as low as 500, and in the general fashion of acceptable fine-tuning (say ∆ EW ≤ 10
3 ), such solutions can be considered in the acceptable finetuning region. However, ∆ EW raises quickly, and according to the results, mostly µ−term is effective in measuring the fine-tuning. Similar behavior can be seen in the ∆ EW − M Z plane that the fine-tuning measure is becoming worse with heavy M Z solutions. The results for µ and M Z are reflection of the similar nature of µ and M Z that is both of these parameters are induced effectively by v S for which one should note that v S v u,d . The ∆ EW − m Hu plane at the bottom of Figure 8 shows that the MSSM relation µ ∼ m Hu does not have to hold; however, large m Hu values can still yield large finetuning predictions. Finally the ∆ EW − ∆m h displays radiative contributions to the Higgs boson mass and resultant fine-tuning. As seen from the results in this plane, the solutions with low radiative contributions may still yield large fine-tuning. Even though the fine-tuning measure can be interpreted in terms of the stop masses and A terms, the low radiative corrections restrict such parameters to their relatively low values, and hence one might expect to have much lower fine-tuning measure. Figure 9 : Plots for∆ EW in correlation with µ, M Z , θ E 6 and ∆m h . Only the solutions with ∆m h ≤ 80 GeV are used in these plots. The color coding is the same as Figure  3 These results might need to be reconsidered. since it is apparent from Eqs. (18, 19) that the U (1) breaking scale termed with v S is also the main factor that determines the fine-tuning measure at the electroweak symmetry breaking scale. On the other hand, the fundamental assumption behind the usual definition of ∆ EW is that the fine-tuning measure is determined by the cancellations among the parameters such as µ, m Hu and m H d , which are, in principle, independent of each other, since they exhibit different nature. In this case, the large fine-tuning results shown in Figure 8 may result from double counting, since µ and M Z have more or less the same nature (when v S v u,d ) that both are induced by v S in the UMSSM framework. Let us rewrite Eq.(17) as
where we have neglected the terms with v u and v d in M Z mass. If we define∆ EW that is the fine-tuning measure in this approach, its definition will be in the same form as given in Eqs. (18, 19) except that C µ needs to be replaced with Cμ as µ is replaced withμ. Figure 9 show the results for∆ EW in correlation with µ, M Z , θ E 6 and ∆m h . The color coding is the same as Figure 3 . The∆ EW − µ plane shows that the fine-tuning measure represented with∆ EW can be much lower despite the µ−term being large. Indeed, it is possible to realize∆ EW ∼ 0 even when µ 1.5 TeV. In addition, in our approach,∆ EW remains almost flat in M Z mass as seen in the∆ EW − M Z plane. Apart from the red points, which are consistent with all the experimental constraints mentioned in Sec. 4,∆ EW can reach large values in green region, despite low radiative corrections. It arises from the model dependency in the expressions given so far. The configuration of the U (1) charges of the particles is not unique and infinite number of different configurations can be obtained by varying θ E 6 as given in Eq.(4). For some values of θ E 6 , especially Q Hu may leadμ > µ, while it yieldsμ < µ for other θ E 6 values. The θ E 6 dependence is shown in the∆ EW − θ E 6 panel of Figure  9 . When θ E 6 ∼ 0.5, one can realize∆ EW ∼ 0, and it raises when θ E 6 0.5. However, there is no red point with low fine-tuning measure in this region. Almost all red points with low fine-tuning are accumulated when −1.4 θ E 6 −0.8. Finally, we also present the status of the fine-tuning with the radiative corrections to the Higgs boson mass to conclude that the low radiative correction solutions, in our approach, can be interpreted as those which form the low fine-tuning region in the fundamental parameter space of UMSSM.
Before concluding this section a few comments are useful. If we were to count terms with v d and v u in M Z as well as those with v S , then they could be added to m 2 H d and m
2
Hu in an appropriate way, but the results would be the same to a good approximation, we checked this numerically. It should also be noted that the low fine-tuning measure in our approach, in contrast to the usual approach in MSSM, does not have to yield light Higgsinos at the low scale, which are quite interesting for the DM phenomenology.
Conclusion
We consider the Higgs boson mass in a class of constrained UMSSM models and find that the amount of radiative contributions needed to realize a 125 GeV Higgs boson at the low scale can be as low as about 50 GeV, when h S is in the range ∼ 0.2 − 0.4 and v S 10 TeV. Such low values of loop corrections needed to push the tree level predictions of the mass of the Higgs boson are not possible in MSSM whereas as is NMSSM, UMSSM models need smaller loop induced corrections but in a model dependent way. Furthermore, because of the model dependency in predicting the Higgs boson mass, the regions with relatively low radiative contributions prefer negative values of θ E 6 angle. In our study we observe the least corrected UMSSM submodels reside near θ E 6 in [-1.4,-0.8].
In confronting the experiments, the lightest CP-even Higgs boson's decay modes are not obtained better than the SM predictions; thus, we restrict the solutions not to be worse than the SM in the Higgs boson properties. In this context, especially BR(h → ZZ) provides the most stringent bound on the Higgs boson decays. In the mass spectrum of the supersymmetric particles, the region with low radiative contributions predict mt 1.1 TeV and mτ 2 TeV. These sparticles can also be degenerate with the LSP neutralino in mass when they are lighter than about 700 GeV. The DM observations also restrict mt, mτ 500 GeV. Such solutions also predict stop-neutralino and stau-neutralino coannihilation scenarions, which are effective in reducing the relic abundance of the LSP neutralino down to the ranges consistent with the current DM observations. The masses of the squarks of the first two families and gluinos lie from about 2 TeV to 3.5 TeV, and especially gluino solutions can be tested in the next generation of colliders. In addition, the CP-odd Higgs boson is found heavier than about 1 TeV, and its mass can be large up to 8 TeV in the regions consistent with the experimental constraints as well as being compatible with the requirement of low radiative contributions to the Higgs boson mass. We find the lightest chargino can be as heavy as 1.2 TeV, but there is no solution which predicts degenerate chargino and neutralino LSP at the low scale. Hence, the DM is formed mostly by Bino, which yields low cross-section in scattering processes at nuclei.
Finally we discuss the fine-tuning measure in the UMSSM framework, when the radiative contributions to the Higgs boson mass is low and all the experimental constraints are respected. In the usual definition, the fine-tuning measure is generally high and behaves worse over the fundamental parameter space. This situation can be explained by the heavy M Z restriction. Such a heavy Z boson causes to high breaking scale for the U (1) symmetry, which is characterized with large v S values. In the usual definition, the required fine-tuning to realize the correct electroweak symmetry breaking scale is directly proportional to v S ; and hence, high U (1) symmetry breaking scales yield large fine-tuning predictions. Following this discussion, we reinterpreted the fine-tuning measure such that the effectively induced µ−term and the contribution from M Z can be combined into a single parameter, since they are induced by the same parameter; that is v S . In such a redefinition, the fine-tuning measure can yield much lower values, even zero despite the heavy M Z and large µ−terms. The price for this redefinition is that the Higgsino DM solutions cannot be realized at the low scale, since the fine-tuning measure is not directly related to the µ−term any more.
